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Rolling mo.ont Aue tc sideslip, ,
Poart I, Tho offect nf Aihodral - (4.,,)Y

- by -
I. Levadid, PhyD.

BROGRY

Thia is tho first of threo reports dealing with the rolling moment
darivative duc to sideslip, In this roport the effect of dihcdral is
oonsidered; the second report will bo onnoernod with the effeot of
sweepback, and the tlird will deal with wing=body interforence and the
;fﬁot of the tail unite The wain outoome of this first part is as

'ollows:

1o The effect of dihedral in sidoslip is equivalent to that of a
skew~aymmetric change in the incidence distribution inunyaacd flight,
such as is caused by equal up and down wovements o the wilcsons,

The theory ef the rolling momont caused by ail-ron movcment is well
developed, and is rcedily transformed to aprly to thu case of aihedras
in aideslip.

2, Por wings nf olliptic plan form thn rolling momcnt is shown tc b
preportional to the dihedral and asideslip angles (assumed small), to

a functison of the dihedral apan (Fig.2) and to a f'motion of the sapect
ratie (Fig,6a), The form rf this latter function is the same as that
oontrolling the change (with aspect ratic) of the 1ift curve slope in
straight unyawed flight, cxe:pt that it relates to an effective aspect
ratio equal to half »f tle geometrio aspect rutios

3 ﬁr tapered wings the sume eonclusgicna are foind to arply, and iy
fact for rcugh ostimates the effect ol tajer may be ignored and wings
of normal plan form can be treated as ellipticals, More ucrurately,
the effect of dihedral span and the variution of the censtant of
proprrtionality, i,¢, "1 /r_' » with Saper can be cbtained froa Figs. &

ard 4.

ke Compariaon ef the theoretioal doduct.ons with the available exper -
mental rcsults shoss very satisfactory agrvemcnt (Pig.4)3 tals ocompari.on
indicates that awcepback and interfercnce duc to the prescnee of a
fuselige OF nacciics have negligible eilects on the enntribution tec 4,
due tu wing dihedrale

S. The contrivution to ¢y caused by wing floxure unc.r the acrodyname
loals in f£light is shown to be slaply expreasible in terms off tip

-l
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dsfleotion, and, in prootice this effect is only slightly dependent
on wing taper and can de readily detormined for the type of flexure
that normally ocours (nearly pamabolic)y (Pige.B:-and 9),

- o' o
. . . 5 .
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1. Rolling momsnt due to a skew aymmetric incidence distribution of
oconatant magnitude (full and part span)

Ll

Elliptic wing

1.2, Tepercd wings

Appendix IT
1.

Relationship between a wing with partbolic flexure (n s 2) and a

wing of the same plan form with eonstant dihedral and having the
same tip deflection (tapered wings)s

-3e




Report No, Aoro, 2028
- MomzIOn

‘pdmensions, angles and velocities
Seuni-span of the wing

Wing chord at a station along the semi=sgpan
Wing chord at the root

{ e ma

'ing chord at the tip
Ving aren’ .
Geometric aspect ratio; R = &s_ﬂz.

o
Wing taper ratio; ¢ = t/oo (sce Fg.1a)

Position along the lateral (Y) axis expressed as
a fraction of the semi=span

Position along tho laterol (Y) axis, where the unifor
dihedral ungle begins, expressed as & fraction of ths:

*a
semi-span; yg =1 = /s
Iength noasured from the tip to the position et tne
- beginning of a2 uniform dihedrel angle; s = a(l = yg5):
see Pig, Ib,
g s
Dikcdral span ratio; /s =1 = Yg» 8:¢ Fig.1b,

Floxural duflection at a loacal station along tho semi~
span; acve Fig.le.

Flexurnl deflection of the wing tips.

Distance from rolling oxis or 1.teral centre of
prossura due to acew synmoetrie loading cxprcssed as 2
fraction of the scmi=sgpin,

Index of the sihaple power law of flexuca: dueglection.
Bffeotive geomctrio wing incidenco. .
Constant geometric incidence of the winolu wing.

Part span (or full span) skew symmctrie insidenoe
distribution of constant magnitude,

local dihedrul anglee

Part sran or full span constont dihedral angle.
Ddhedral ungle correaponding to the some tip Aull=utien
as that of n flexed wmng; ‘3 ® 5,,1/ (sec ¥igelc).

s

Angle »f sideslip; positive when the starhoaru tip is
forward,

-l..-
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Velocity ocmponent parsllel with the g axia,

Resultant wing veloaity..
Angular velocity in roll.

Change in the local wing tip incidence due to
rate of roll,

Porce and moment ococfficionts, derivatives, components .
O. ‘v otec, .

146 coufficient; O, = “F /joy2s

Looal 1lift coefficient.

Rate of chongo of the 1ift coefficient with incidunce
for an infinite wirg; 8, 0r,

The sone as cbove ror finite aspect ratio and
symmetric distribution of loading.

Function representing aspect ratio effeot on

rolling morent of finite span wing duc to a skew
symwetric loading distribution. -

Rolling mowent coefficient; C, = _&L_
i’p 328

Rate of change of rolling moment coeffioient with
angie of sideslip; ‘,V = .a_cL , where B 1s
in radians, "

l-' due to full span dihedral distribution.
Contributisns to 4, due tor=

Gonoral dihedral distribution,

Constont dihedral distribution.

tip defleotion due to wing flexure.

Dihedral erficiency.
Circulation at local wing section,

-5 L
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L Intreduotion

2

The value of the rolling wcwent derivative of an aircorait
in sidealip is of first importance in asssssing its lateral staviiity
characteristios. [here can be no doubt, therefors, of the value of
a reliable method for predioting €, in the dssign strgs of on alraruit

Such methods as have becn previously developed huve becn lorgely
empirical, and have not oovered all the Yactors that are known today
to be of importance, The approach that has boen adopted here is to
make the fullest practical uso of theory and, by ieans of th: resulting
formulas, to intcrpret the uvallsble experiwental data, In this way
it 1s believed all the inportant puraacters are adsquetely oonsidersd,

The subjeot readily dividcs itsolf undsr thres nain headings;
esach is considersd in a separats report domoted as Parts I, II ond IIL
These three parts are as follows:

Part I = The effoct of dihedral = ( ¢ )
vy
Part II = The sffect oi sweopback.
Part III = The sffeot of wing body arrangement and tall

t.

Thisfirst report thercforc deals with the sffeot of dihsdral,
In peragraphs 2 and 3 slliptic and tapered wings with oonstant full
span dihedral arc considered. The effeot of uniform part apan
dihcdral t'or elliptic and t.upered wings is conaidered in paragraphs 3.1.
and 3.3, Tho generul cuse of a vardnble dihedral along the spnn is
treated in pursgreph 4; this includes the case of o wing divided into
various spanwise parta eaoh having a diffarent constunt dihedral, It
also includes ths case of dihedral due tc wing flexure under the aero=-
dynanic loads in flight, In addition to a swirry or the mnin con=
clusions the main forrulac are collocted in par-graprh 6.2, snd wn
example is given to illustrats thoir uase,

sdgement

Acknowledgenent is due to Mr, \,D.Young for tlh:: considurable
help given in discussion of the theoretical bacipround o the invostipa-
tion and in the writing of the roport.

cctive ol s of incidenne and rol monent due to full span
hedral in sideslip

1t is easily shown (sce tor exnmple raf.9) thet, i a wing
with dihedral is put int n sideslip, there is n change in the local
effeotive angls of incidence, which on the staroc.rd side i equal but
of opposite sign to thu correagonding chargze on ihe wert side,  Such
a change in the effective incidence distribution may b conveniently
referred to o3 skuw=s trice Adupting tie usual ceonveatious ol sign,
a positive angle of ;‘Heaﬂp with positive dihedral causes an incresse
of incidsnoec en the startcard wing and a decremse of incidence on ¢he
port wing. Thia incldence change (Aa) is easily shown to be related
:o the angle of sideslip B and local Jdihedral ungle ¥ oy the
ormula

’tan (4a)! = tan B. sin ¥,
ordgec: P.Y; Iif P and¥Y are small

sevnvssel

¢ wm—
s
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o
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. ‘This skew-symmetrical change of sffsotive incidencs will result
in equal and opposits changes of 1ift on the port and starbousrd wings, and
henoe in a rolling moments To arrive at a rough eatimate of this
rolling moment ,‘ the following rather orude assumptions have irequsntly
been made 9, 17, 11,

(a) Changes in induced downwash ot the winga duc to the skew ayrmetrio
changes in sffsotive incidcnee are negligidle.

(v) The rate of chonge of 1ift coefficl.nt with incidenoe for snoh
half wing for the skow symmetric incidznce distribution is the saw as
that for the wing in normal straight unymved flight.

(o) any distortion of the trailing vortices and changes in tho {low
over the tips duv to the three dimensional character of oblique flow
are neglecleds

* If thesc assumptions arc applied to the case of o wing of aspect
ratio ® with full span constent dihedral [", then the 1ift oneach
half of the wing, when expressed ns a coefficient, is

1

..ll..l...2

9.[1.82 / '
s - ! )
L]

:where a 1is the lift curve slope of the wing of aspeot ratio Rin
straight unyawed flight. If « is tho distanos of the lateral
oentre of pressure of this lift from ths rollinz axis (sxpressed as
a fraoction of the semi=-span), then the rolling moment coeffiocient
is ..

AY
Y

'-cl .g ne P'

“ m lI.l.l..l.’
4, -

cela 1
n rn

If we take N = 0.5, and a a Ly 3 as representative values for a rectangular
wing of aspect ratio 6,0, then equation 3 gives

g

Mowever, the results of experirwnts suwarissd in Pig.h (ourve E) show
that the actual value of = ‘v y for a rectangular wifz is about Gy Ge

al
Similarly, the estiuated value for an elliptic winy (taking ngy, = "‘/5‘),

derived from equation 3, is alsc avout 25, too high when cougured with the
experimental value for tapeccd wings appreximating the elliptic plan forte

The above crude zheory can, however, be rsadily iliproved upong
to do this we discard assunmptions (a).ond (b) aboves This Ls tantaiount
t> assuming that the affect of sideslip on the 1lift distribution on a
wing with ithedral i3 exactly cvquivalent to that caused by a skew
symuteic clange of effoctive incidence in unyawed flight (such as, for
exaeple, i3 caused by equul und opposite allernn rovewent)s This




]
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latter case was considered by Munk® for an elliptic wing, and by
Hertahorn for elliptic and tapered wiuga5. 7he theory for an
* olliptio wing with full span uniform dihedrsl /' is reproduced in
I, where 1t 1s shovm that the rolling mouent ooceffiolent

Appendix
due to sidealip is given Yy .

. 5 0a0s D000 0o __l_'l_:gﬁ_...~ ]
n 2 3=

.....!00..000.#

b
1 2

———— e ee—

' . B NR

If we consider, .for example, a wing ot’upeot ratio 6,0 for
"is now

whioh 8, = 5.5, tho thecretical value of = fy3/n

£
"r,—,'l = 0,738,

R The coan experimental value oorresponding to a taper ratio T v 0e35
is about 0,71 (see #ig.4, ourve E)e Thus, we find that the value
given by equation 4 is only about 54 highor thon the experiuental

. valus. The tests on tapered wings from which ihe experiuental valuc:
shown in Pig.4 have been derived have all been made at s.aall Reynolds
numbers. It is not oertain whethor this iuy not bu responsible for .
some small reduction of the measured rolling woument due to dihedral in
sideslip as oompared with what oy be exsocted at full scale Reynolds
mmbers. Clearly, a scals effect on local 1ift curve siope will be
aocompanied by a scale effeot on ~/v' It appoars, thorefore, that the

thoory, basud on the flow associuted with unyawed flight cnd the same
skew aymmetric incidence distribution, cen be used with conf{idence in
predicting dihedral effects in sideslip.

If we compare equation 4 with equation 3 it will be seen thet
weo can conveniently regard a, as an effoctive 1i7t curve alope for a
skow aymmtric incidence distribution and 4/35x as the corresponding
value of N, (or the non-dimensional distance of the lateral centre
of prossure from the rollin: sxis)e This view point can be adopted
only for the purpose of assessing the rolling wmc.ent derivative; in
actual faot a, as given by equation &4 is not the true thooretical 1lift
alopo ner is 4/3x the true theorctioal value of Ny The calculations
ef Hartshorn® show that the frue theoretical values of the lift ourve
. slope anl the latural cenire of pressure for a full span skew asyrumtric
load distribution on an elliptio wing are approximately

00.-0000-1005

—————
S -
~ e o .
LN Y t—
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m,; t of very real importance emergss frou this ocuparison.
'!:u n:a;o a, the 1lift curve slope in straight -unyawed flight, is
given by L

...l...l.ll.s

- tse.s.. The gffsctive value of o, given by equation 4 is therefare the
sethe as that of a, (of. equation 6) ocorresponding to an aspect ratio
one half of the truc aspeot ratio, whilst the true theoretical value
of a,, (as given by cquation 5), is the same os that of a for an
aspeot ratio cne third of the truc aspect ratio, The true 1.ift curve
slope for each nzlf wing for a uniforu full span skowesynmotric change
of incldence is therefore not the same us the 1ift curve slope for
straight sy.metrieal wunyewod flight (as was assused in the orude

theory?110:11), but corresponds to the 1ift curve slope when the aspect
ratio is reduced to about one third of its true velue™ This faot will

undoubtedly be of iuportonce in any general analysis of dat:u dealing wi'’

Sthar derivotives urising froan skew=gppaetric loading distributions eqy.
P and ’l"
Bolling moment in sideglip due to uniform part span dihedral

Sele Elliptic wing

We have aeun that in the cnso of wnifarm full span dihedral
the expetinental rusults agreed very well with the theory bancd on the
assumpticn thi't the dihedral in sideslip wis ecuivalent to a full span
akew symmetric incidence change in atraight unyawed flow, It is
reasonable, thereforu to cxtend this theory to the oase of uniform
part spon dihedral, the theory then being identioal with that developed

by MunkZ and Hartshornd for part spun alleruns, - The relevent parts of

® Rotta has developed a theory for an elliptio wing in sidealip whioh
leads to the f:llowing resulta for the 1ift curve slope cnd lateral
oentrc of prussure

oy 1
R - o 247
30 ‘.R

and

ny =% = 052

mshmsoavuuot-fvwmﬁ)ugbrthanmwn

walue, It nay be noted however, that Rotta's theary is besed on the
assuaptions that the downwash is effectively constant and the trailing
vortioss suffer no disturtion, Theue assumptions luad to reasonuble
results when applied to symactric loading problens, btut are of doubte
ful validity when applicd tu skew-ajumetrical loading problews,

T v amer Py
W e s g
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tbthoqmupvdumdin@omﬂx!muhlhamthnttm 11
moweqt acefficient. is given by . .

‘...'.......7

oo.o.ol-..o.e

and y o8 » distance along span whore dihedral begina (see Fig.Ib),
Yor a full span dihedrcl we hnvcyduo, and

L
rn 2 3x°'

and, henoe,

t ....
z"/ . (1-12}/2 l

a ) ) vescccessesed
. i/ n
2,3/2
The function (l-yd) is shom in Pig,2, PFrom the form of
equation 9 this function may be regarded as a measurc of the rolling
moment due to the dihedral extending from.the point y, to the wine tip.
In Fig.J is showm the function denctod

- "Y a- :—y (1 - yz)}/z s 3y (]. - yz)l/z. sesssccenell

This funotion is o meusure ‘'of the contributions to the rolling wowent
ooofficient of an element of dihedral at the point y, and hence may
be regarded as a dihedral officiency as for as rulling mouent is
oonoerned, It will be seen that this etficienoy reaches a maximum of
Y= Os7e

The only experimental resulis available for compu,ﬁaon with
equation 9, are the results of some tests made by Shortal 02
reotangular wings with well rounded tipse His results Sor

are shown plotted in Pige 2, It will be seen that the egreement with
the theorvtical curve (equation 9) is remarksbly close; this sugzosts
that not only is the theoretical curve reliable mutthe ratic 4, /2

1s only slightly affected by taper, The effect of taper will be
descridbed in more detail later,

e V)

s




From the form of equation 8 we see that the aspect ratio and
teo.Airensional 1ift ourve slope (agp) occur only in the term age
Ir lv (R, ay) denote the value of -l,, for a given value of the aspect
ratio R and a given value of Ly thon wo can writo
1 2ap
e, ) T Ew Pl ag)
= 2 — »
42'(6, ‘Q) ie 2ag F(6, ag)
Reo%

88Ye eescoscocecell

We are here using as o convenient neasure ths rolling moment correspondis.:
$0 an aspeot ratio of 6.0, If we assuse that, as an average value for i:ost
normal aerofoil seotions, LI 5¢5, then we have :

w = —1—'& seseosseseeel2
F(6, 5¢5)

BB, 55)/
The ratio P(6, 5¢5) given by equation 12 is shown in Fig.6e.
Por oouiparison the correspending rotio for the 1ift curve slope of a wirg
in straizht unyawcd flight with syrmetrioal loading is shown dotted in
the same figure, :

e ocrn allow for the fact that a_,varies with the type of aero-~
f0il section used by computing the r:.\tio‘?(n ’ nw)/l-‘(é, 5,5) for a
range of values of a,, and Res In other words, we can refer wings of
all aspect ratios and values of ary to a stundard wing of aspect ratio
Gmdror'hichawus.& Thus we readily f£ind that

Me,ag) | BEt | _O¥eg

26, 55 4,2 1, 2800
By Rex B

. '--cocco--ccvl?_

The curves of this ratio corresponding to values of a of 50 and 60

(in addition to the standard valuc of 5.5) are shown in Pig.6b. For
any given wing section the value of ng, can be detormined either exporie
mentally or by an cuapirioal method su& as is given in refe2s

33 red wi Bifoct of dihedrul s aspect ratio and two
O curve sloc

Hartshormn's cnlrmlntiunss on the rolling mouent accompanying o
part span skew syrretric incidence distribution include tlw case of v
rectangulsr wing (% = 1,0), and w alao have available the rcsults of
oaloulations by Pearscn® on tapered wings for which «  varies fronm
025 to 1eQs The theory dues nct lood, as in the casc of the elliptic
wing to a farwul. for the rolling muent in which the effects of the
span of the axew symmetric incidence distribution (l.0. 2ihodral span)
and aspect ratic can be explicitly sepnruted, A graphical enalysis
of the cuuputed results of Pearson anl Hartshorn lemonstrates, however,
tiad Srosy =ffaste are substantially separablesy In Pig.5 the ratio

ell=

L
ol

.
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o %{—r_‘l is plotted against dihednl span for the aextreme taper ratios

oonsidered, the ‘corrésponding curve for the elliptic wing is shown
dotted. It will be seen that there is little difference betwoen

the various curves and for most normal taper ratios, or where very
great accuracy is not desired, the curve far the elliptic wing oan
be reliably used, In Fig.7 the caloulated values of the ratioc

re, 5'5)/1?(6, 5.5) &re plotted against aspect rativ for values of

the dihedral span gorresponding to ygq = 0, Qw4 and Oy §, ani the carrcs-
ourve for tho elliptical wing is alsc showne It will be
seon that the values of this ratio for the tapered wings depart very
little from the curve for the olliptic wing except poasibly for the
rectangular wings, at large aspect ratios (12 or higher), and with
small dihedral span, i.e, y; -~ Osbe Tor all pructicnl purposes
therefore it may be taken that.the ratio E.(Lg.._.‘i-j)_}. 18 the same for
P ] 5'5
tapered wings as for an elliptic winge In othur worls, it appears
from this analysis that the €fect of dihedral sprn end aspoct ratio
are approximately the sanc for all wings of normul plan foru whether
elliptical or tapered, It seeus reasurable to suppose that the same
oonclusion applies as far as the effect of ay, is cvncerned,

Rffect of spanwisc variation in dihedral

hels Gencral

We have secn how, for an elliptio wing with constant full
or part spen dihedral /', each spanwise element Ay contributes in
sideslip the element of the rolling moment Jderivative .

AC .
: / - 3
Aé,-—B- =-ny T 5 ';*; oy

where (sce Fig.3)

w-)y(l-yz)m-

We have called v\{ the dihedral efficioncy.

Since the lifting line theory on whioh these formulas are
based is a linear one, i.e, it assumes .a linear rclation between the
looal 1ift coefficient and the local incidence at any point along the
span, the total rolling mument of c wing may be obtained iz the s
total of the rolling moments due to the sparwise elements of the wing.
In other words, the cuntribution of an elamcat to the rclling mument
due to the changes produced by this element in the spanwise loading
digtribution, is independent of the oontributions produced by the
remainder of the wing. This is true in general whatever the sporsrisc
dihedral distributicn of an elliptic winge Hemce, the rolling moment
derivative in sileslip of an elliptio wing with spamwise dihedral
distributions Y(y) is given by

A
s

-['--—:”L-_i- t Ty YY) &

¢
|

. ) /2
[ -} h v(y) (1 - ’2)1' Ay  cosccscoccsclh
- u L ]




w divided into

Sihecre, angles

k2L Elliptio wing

We will consider a wing divided into three parts; tlnmﬂ\od

oan readily be extended to a wing divi into any nunber of parts.

1at Y;s Y, and Y, bo the dihedral angles’, mdyu..vd andyd’ﬂn

spanwise ardinates at the end of each pert (see Fig.1d). Then
' 1 .

? w(_’ o T 2.1/2
- '--Tl? 3% Y(Y) ”(1-’) ay

) . o
Y, ' Y4
ot & jd‘
2 3x

Y, 21 AV ay o j v, w1 - A%y

%‘-}-;{*x

., [(1 R ,dzz)y/z -a- ,d’z)J/ZJ

J.
- ?*(& +(1- ydlz)’/z(Yz-H)tgl-- ,622)’/2(7’_72) j »  eeeseesl5
J
aince in the case considored ’d, = 1,0 ‘The functions (1 = Yay 2)3/2
ad (1 = ,422)3/2 oan be tead off the curve of Fig.2, We canwrite

equation 15 in the form’

- (i‘l) Ne, 2o (71.(1-yd2)3/2 (G=")«

£
P, 76 55)

v

b
e(1- dzZ)’/ (Y - Y, ) ,( essssssssesel

"oy of 9 Y, » Y3 cto, can be nogative, 1,0, the correspundirg part of
the wing has mho:lra.l.
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© where .T_"L rofers to aspect ratio 6 and a, = 5.5 and is’ -

ell,

therefore equal to Oy74e Equation 16 oould be darived Airectly
from equation 7, 0 . R -

4e2,2, Tapered wings
For tapercd wings we similarly obtain

é’ P(‘- ’ ‘m)
- _'..]a + L) +*
¢ ( T ), Tl AR

+ f(ydz, %) (73 - 72)} ’ sececesconcel?

whare t(ya. %) is obtaimed from Pig,5,
(£
| —=/ 1is given in Pig.h (curve B),
~ s

"R, 8 )

¥(6, 5.5)
1% will be sppreciated that the above formules (16 and 17) include the
ocase where the wing tip has a dihedral nngle different from that of tho
sdjacent part of the wing (sce ¥ig,1d).

be 30 iihedral effect of wing floxurv under the ncrodynarin loads

431, Elliptio wi .
Let 6. be tre looal displaosmcnt parallel tc the 2 axis (rew: sod)

of the local quurtur chord point due tu the wing flexure undcr the aerc—
dynanio loadis in flight. In praoctice, it is found that the relation
between & and y 1a adequately expressed by

) 5""01"'

can be token from the curves given in Fig. 6.

where n varies between 1.6 and 2,0 (ref,26).

b 4 6.1 is the displaceuent at the tip, then

'/6;1 L] ’ﬂ . oco;oooooooom
The oarrespanding dihedral angle Y(y) at the point y is given by
3 L
\r(’) ot L = (—.1- n ’ll-l. seeessescesel9
s & s

- Y =
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Bemoe from equation Ui the rolling moment derivative in sideslip dus to the
wing flexure dihedral is T ’

. 8c [ . .
{ s 2,1/2
-('.-? = Tl:zg% (l 3f‘(1-’) .a’o

5

If we write —x = ;"5 (1ou, the constant full spon dihodral sngle
-}

associated with the same tip deflection) then -

1 . .
f » -
‘o

We have alrcady seen that for oonstant full spen dlhedrel:

.

an j JIn (1- Z)VZ Q: "..n....,...zo
ell, ) .

The valucs of the integral on the right hand side of equation 20
bave been calculated for a range of values of n from O to 6,0 and the
remults arc shown in Fig,8, It will be seen that the variation of the
wvaluc of this integral is sunll for n greater than 1.6, and for the
range of values of n founl in prootice (le6 to 2,C), the integral riy be
taken to be 1,13,

Henoe

V.
i -3 —_—1- 1.13. esoossesnesell

T ,
Mnungorupactmtioéandforwldch.wns.s,nhwuenthnt

4
-Yl- *Jo7k,
)

and henoe for such a wing whon flexed

—% = =0.38,
r‘ﬁ

)
- (I')QIJ,. e 0,88 —:-%. sesecossnsen?
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Yor aspect ratios other than 6,0, the ocorrection factor, as given in
Pig.6, should be applied, e have thus orrived at a formula giving
the derivative direotly in terms of the tip deflection. '

4+3.2, Tapered wings .

The above disoussion applies strictly to wings of elliptioal
plan form, but wo may expect, frowm the very small effect that taper
was found to have in the oase of oomstant dihedral, that equation 21
will be sufficiently valid Jor wings of noruwal tapsr ratios, As a

. aheok,. caloulations have been made of the ratio [ A
v/l.,6 71/,-,

far wings of taper ranging from 0,25 to 1.0 and of aspeot rotios 4, 6 and
8, the flexure being 2smuncd to be parabolic (i.es n = 2)y With 2
parabolio flexure tre dihedral sngle, and hence the change in effeotive
inoidence- (4a) varies linearly with spanwise distance from the rolling
axis, The theory is therefore dlenticnl withthe theory for a wing
rolling with conatant angular velooity in which the helical charnctor

of the trailing vortices is ignored. Calculations for thias latter

case covering the taper ratios and nspect ratios quoted above are given
in ref.6. It is a simplc matter therefore to apply the resulcs of

v
these calculations to give us the ratio I'Y;/fvl . "he dotails are

T
described in Arpundix II, The variation of this ratfo (dencted
£(t)s) is shown in Fige9. It will be secn that for values of T 7 G. 3 and

for the range of upect‘ ratios oconsidered the effect of taper and aspeot
ratio is scall, and fcr most praoctical purposes equation 21, though
derived for win 3 of ¢lliptical plan form, may be used for tapered wings,

gosparsi:on with axperirent

A numbur of uxperimental results derived frow wind tunnel tests on
s varicty of nodel wings and oomplet: model aeroplanes, including two
swept back winga, hove bien examined in the light of the taeorgtical
results described aboves In each cuse the neasursd value of <y/- was
oonvertod tu the standard aspeot ratio 6,0 -and the standard valud of
2g = 5¢5 by wmeans of the curves of i*ige ce The result was then oonvertod
to a full span dihedral by meana of the curves of ¥ige2e The final
value of € 1/, 18 plotted sgainst © in Figels It will be scen

[

that ths scatter of the resulting points ia gratifyingly =maall ard a mean
1ine. (marked E) can be readily dravm throuth theae points, This
line can be represcnted by the eupirical equation

<_‘.,' .
.’_;].'.} u 0g65 ¢+ Gul7 % ssesevesesveld
k4

The curve marked A (in Fig.4) hzl been detemﬁ;orl wholly from

the theoretical calculations of Foarson® and Hart s Thue anall
soatter of the axperinontal points and the olose agreunnnt between
ourves A and ® pruvide a valuable ocnfirmation of the theory,

Suie resares wn the surprizingly’ anall effoct of taper ratios
on rallire z.uent a8 indicatcd by the m.all sloz= of the line E, womlAd
not be out of place here, If wo ravert ¢ & orudc thecretical
ap;roach, in rici, .ntuced  offeots due to the show aymmetric incidenoce
ohangen ars nerclucted, nd the charge I 1if't ~ith inoidenoe is assunod

- lh =
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" 40 be tlis sasie as for syometrical losding, then it is easy to see
that the ro moment should be proportional to the first mcment
of the area of each half wing. ’

We then £ind that

@)

I ale 2 (1 -1). -no.oool'nclou-mb
(e > '

‘%he ocurve markcd B in Fig..4 has been derived on the basis of this
relation, and the narked disparity between the slopes of ourve B and
those of A or E will be apparent, It follows therefaore, that the
large effect of taper ratio, thatone tends to expect-on the basis

of argunents siuilar to that of the crude theory, is alnoat entirely
nullified by the accompanying induced changes of downwash, which
are thersfore nuch toc important to be neglecteds

Conclusions, v of main fornulae and exauple

" 6L, Qonolusions

6.1, 1. The affeot of dihedral in sideslip is equivalentto
that of a skew-syumetrin change in the incidence distribution in
unyawed flight, such as is caused by a non-lifferential moveuent of
the ailerons. The theory of the rolling moment oaused by aileron
movement is well dsvelopud, and readily transformed to apply to the
oase of dihedral in sideslip.

6.1.2. Fer wings of elliptic plan form the rolling moment is
proportional to the dihudral and sideslip angles (assumed mall), to
a function of the dihedral span (Pir.2) and to a function of the aspect
ratic (Pig.6a)s The forn of this laotter funotion is the same as that
oontrolling the change (with mapect ratio) of the 1ift ourve slope in
straight unyawed flight, except that it relates to an effuctive as-ect
ratic half of the gecmetrio aspeot ratio.

6.1.3, For tapered wings the same oconclusions arply, ahd in
faot for rough estimates the offect of taper may be ignornd and wings of
normal plan fon: may be treated as elliptical. More accuratoly, the
effect of dihudrn.} span and the variaticn of the oonstant of propors
:i.onmty, i. 0. v1/., with taper can be nbtained from Figs.5 and

: i

Svletss  Cut:pariscn of the thecretical deductiins with the
available experimental results shows very satiafactory agreement (Pig.k);
this indicates that sweepback nnd interference duc to the prescnoe of &
fuselsge 'or nscelles have negligible effects an the ocntribution to £,
aue to wing dihedral, .

6.5  The oontribution to ./, veused by wing flexure under

the asrodynamio loads in flight is siuply expressible in ten:s of tip
dsfloction, and in practios, this effect is only slightly uependent
on wing taper and can be resdily deternined for the type of flexure
that narmally ooours (neariy parsbulio); (Pigs.8 and 9).

- 17 -
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Swamepy of main, forrulae

The nain formilas for £ Gue to wing dihedral darived in this
note -arg hare summarised as follows:

6¢2,1, Uniform full and part spar, dihodral

(1) Por elliptic wing

= & w07 (1~ ,dz)J/z P(R, ag)
r (6, 5.5)

Yor tapered wings

v\ PR % )
o :
' 2 ™) re

’: ) = 0,65 + 0,17 T (see Figed),
%

'f(yd, <) is found frou Fig.5, and

(=, %o )
e 13 ‘'a correction factor for aspect ratio and
F(6, 55)

two dimensional 1ift curve slope and is given in Pig.6.
6.2.2, arigble ditwdral distribution | Y(y) |

Elliptic wing (general)

Py 2 5 /2
P&, ve) [ Y (y)e 3y (1-y"')/ aye

‘o

~{, =0
[ ] F(5, 5e5)

Elliptic wing (throc spanwise parts of constant dihedral
differing from each othor)

P(R, a.)

wld »07%
A P(6, 5.5)

)( ne@- ’412)’/2 (rp=vy)

A MV ERY

-m-
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(111) Wred wings (three -pu-iu parts of constent aihedral differing *
from eaoh other)- ‘. -

It )‘r(n. o) (

"\r 76, 55) Ll”" p®) F2m")e

-~

+ '(’az' <) (7’ - 72) f .

(&v) Eliptio wirg (£1ex0d, where L6 = n =

1)) Paperod wings (£lexed)

Pormula 5¢2s 2(37) ubcm is in gemral mte mh, m'
more precisely, when 1 52 2, we have

L]

_,_ ) PRy o) bsy

t(-l
% e s °
where f('l)6 4s given in Fig«9

6.3,  Example
' Suppose we require the rolling moment derivative { dues to
the totsl dihedral £ offect in straight (ymd.) f1ight for t}n wing

shape ahown in in ®g.14 and wite the followirg characteristios.
s 22 Tt : Yl--5°=-0.087rad.
bz'-sl.n. . Y, = 0 2 0,052 rods
60 f't. Yy 12 8% & 0u1iO rade
(1% )




Report No. Aerv, 2028
Then 7y = 0367 Znaydz.o.so.

Pormylae 5.2.2.(11‘1)-’1.nd (v) (for tapered wings) give the totsl o.tfact

on #_ due to dihedral angles 71, Y2 and Y} and wing flexure,

f{" N .
Prom Pig.4 (ourve E) ._..) = =0,701,
T

\"

from Fig. 6 TR, o) w B8 507) u 2,208,
P(6, 5.5) F(6, 55)

from Fig.5 £(g s %) = 0.783, £(7,, %) = 0097

snd from Fig.9 1'('=)!5 a L15,

Benoe, using the above formulae for tapered wings we have

v F/ w6, 55)

. .{[ 'rl + f(’af‘)("z"‘l) . f(’azv 1) (73-72):] ~ g(._-% i:{

0,701 . 1.105{ [-0.087 + 04783 (0,052 + 0,087)
* 0097 (0 = 0.052) | + 1025, ME}

= 0,037

If expressions 5.2.2{1i)and (1vizm.paﬂ.tm to an elliptic wing
are used instead of those for tapered p. form, the following result 1is
obtained

-4, - onm e, a)( (g, 272 () o -y, 22 0

6, 55) (1
b

+ L18 -:lj = OgOlle
M

2

It will be approciated that the difference of sbout LOK between
the sbove estimates of £ would not be present if a wing with a taper
reatic of sbout 0,5 kol boln consilered inatesd of 003

20w

3V2)
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1.1, Elliptio wing

No originality oan be claimed for the following theory, nunkz,
Soarborough* and Hartshorn? are in the main responsitle for its
dovelopment, Its sallent features are reproduced here for the sake of
completencss, It is believed, however, that the application of -
the theory to the dstermination of the rolling moment due to dihedral
An sidoslip is somewhat novel,

Consider an elliptic wing of span 2s snd maxisum chord o,e
We define thc parameter 6 by the relation

Yg = =38 ovs @, ) ......2§l
o = ¢, sin 8, foran elliptio wing, erenseDd

whero, ¢ is the looal cho

rd corresponding to ¥ spanwise
to (expressed as a fraction of thc semimepan).
Ye assume the ciroulation ¥(8) is given by the Fourler series
K(‘)'Mv tAn sinn @, ..l....2‘

-y =

L

in 3

———
s

we
—
. e -
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it is resdily ehown, as in standard text bocks, (e.ge ref.12),
t_hudmhnt the wing w 1is given by

wasin 6=V In % « 8in no, sesssensesesese ]

The basio relation connecting the local lift coefficient Op, and
" eiroulation at any spanwise station is

K(o) = CL -g-v- . ’ eopescssscscess 2B
But op, is rolated to the local incidence (a - W/¥) by

op ® 8y (G -"v"') ’ s00cenconssssecd

where a 1is the effective geomstrig incidence.

If wo suppose a to be composed of a part span skew aymmetric
distribution cf constant magnitude superposed on a constant incidence
a,» We can write ’ .

ama, s £(0)8a , N

where £(8) = 1.0 from O.IOtO 6= ¢4, s=ay, z

: esesceseee IO
= 0 from 0 =¢g to 0= x = ¢, .
=+l0 freu 0 sxag 4003 %o
Prom 28 and 29 we have
k(o) = ¥ -X
()«-2 8, (a ;);
and substituting for w ond K(0) from equations 26 and 27, we £ind

. tAnli:nnO (npy,+1l)=mp,a utn'e,

where B, ® %o-g L LIYTITTYTTITIITS >}
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Benoe
x

X
ftlndnno(n%ol)-hnOdO -[%a sin 0 ain nd 8
° . . : .
.[.',oaonno-m no a0

'0/'(»0!(0) A sin 0 sinnd &,

7
¥

©

. Therefore: fornm 1l

Ln(nu°+1)§ = h% E ’
and for n & 1

(ap, +2)5ate® |xn(n1)¢_ sin(nel)s
A, (4,
2 2 i n=1 nel

m- --.lo—o » = = g.000 = 0,
i St R

-2 _'ti"___lm-mmu}.

= (2!{“001) 2n=1 2l

....‘.O.....”

mbﬂonntwpomt

. 2K{0) . n
__E"Ll%'.zgnnno,

Sm general, for any eccbinatiun of symzotrie and skew ayauntric inoi-
denoce distributiona, the nid tern derive fram the symmetrio and the
even tarms fram the akew syrmetric distributions,

-2%-
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henos the rolling moment occefficient is

' =
‘f‘f %%W"i[;‘%"wﬂwn-"'ﬁ% *

x
¥}
.!t.:]_z / (Z A, sin no) sin 20 a0
(]

-% ‘2 R ’ e000sceccesall

R p, ba *

- m Ls’jxl ¢ e Mi] L . .......l....u

Pat wo oan write

BRE .
- ad
2(2u,+1) 2= A .2

&y

.........'....”

Aso et # - £ 2 <k ey

-% (1 -,dz')S/z .'

Mesnos, the rollirg mobent ooeffiocient is GRC SR

o% 4ba ey )
Ol E’l % Qa ,d) . essesnsesece 36

Yor with dihedral | in sidealip, the sldeslip angls being 8
the in inoidence is given by i ’
. -

- T -27 -
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. 'm (M)I = tan 9 .m r" ’ .Q.Q...l!.!.’-’

or & =~ g [I?

if B and " are small and measursd in radians,
Henoe, from 36 i

( 20 8 3/2
- —r% - - %/r‘ =3 }i‘ (a- ’dz) . esncene 38

I'orlmllupan'd.thralyd-O, and henoe

_h -3 . | eeusseceares3d

It follows that

ﬁ /ﬁ!l - (1 -142)5/2 ssncsscccsecld
r

The function (1 = _ydz)"'/2 therefore is the ratio of the rolling noment

in sideslip due tu part span dihedral to that due to full pan dihedrale
It 1s plotted in Fig.2, The quentity a, determines the aspect ratio

effoct, and is shown in Fig.6. -

L2  Zapored wings

The mbove theory for elliptic winga is readily extsnded to
tapered wings (sec for oxample rofs,5, 6 and 7) and the details need
not be reproduced here,  The rolling moment: coeXficicnt can again
be derived in the form of equation 33 above,

]
— R M, socncssssccall
ba

A, .
where Z} cannot now be expressed in a simple analytic form, as

was possibly obuwve, for ti elliptic why, but must be legerminel
muwrically. Using the caloulctions of refs, 5, 6 and 7 the curves
of Pig.5 and Pig.7 have buen derdved fer che effects o dihedred
span and aspect ratice In each case it will bz seen that or nunual
taper ratios the ourves arv very cluse tu those durived aouve for a
wing of elliptical plan ivrta.




For a winz with parabclio flexure, the deflection 5. at the
sparwise position y d4e given by

t ? a yz. ’ secesesvevech?
=

" Henoo, the local dihedral angle Y(y) is given by

f(’) = i 26—2. s 2 -h y=2 r ¥ seecceccccechd
s By L] b

8 .
where ’-.5 ] ‘1/.. eccosccevecohh

In aideslip the corresponding change in effective incidence ie

da (’) = Y(y) B=m2 r'5 Y B vecsscsesceehd

Consider the eame wing without flexure but with a linear akew
symmtrio ohange in listribution of incidence due to, say, rolling
at constant angular velocity p. Then the obhange in the effeotive
incidence at the epanwles atation y due to the roll ie

MP ) = 2‘791 esssesenaseehb

Henoe, the distributions of the chanzes in effective inoidence in
the two casee are identical if we have

Mpl = ? s 2 rl& B, sosscscesench?

.ﬁt. Mp]. is the change in the effective local incidence at ths tip
aw to rolling.

Pearson has dnvelopodsm anelysis of taopered wings rolling with
wniform angular velocity p, on the assurption thut the dietortion of
the tradling 7Tortioces could be nejlected, reducing the problem there=
fore to that of the wing in straight unyawed flight with a linear skew
. mymoetric ohsnge in the incidence distributiune In refe6 it le
shown that the rolling :icoent coefficlont satisfiee the vguation

C. =

L
A z ecescsceceechS




whare A,' 1s the coofficient of sin 2 O in the Pourier series
-assumed in the l.u.lye:ll'to descridbe the o:lmmt:l.m d.tutributiau

o ¥e have’seeh that simlarly for a Wing with a-constant
dihedral angle r'b » the rolling noment coefficient in-stdeslip

1a given by

- A2 -
Oj‘. -z R [Fb_ﬂ-] l6 g eevsccsscceedd

where A, 1s, Iikaviu, the oceffioient or sin 26 in the correspanding
oiroulation Fourier series. If we write

tbm t'l;o“!.'a.tio of the rolling mowents in the two cmses 1s.

+ A . I
R R,
¥, Iyp
Xf am now replacs the rolling wing by the wing with the equivalent

parabolio flexure, i.e, replaoce MP]. by 2 r|6 B (oquntion 45), then

the fatio of the rolling mament becomes

2 Fy!
L] —2 L] f(-r) ’ saYe esoesssssssees50

] 3 ‘ "
2
‘Phis ratio is therofore the ratio ol tho rolling moment coefficient
for unit aidealiY cof a parabolically flexed wing to the mlling moment
ovefficient for unit sideslip of the unflexed wing with full apan

osnstant dihedral giving the saue tip displacetent. "rom the cal=
culations-of ref.6 the ratio 2 Fp' /e, W8 dsterined for taper

ratios of 0,25, 0,50, 0.75 and 1,0 and for aspect ratios of 4, 6
& amd 8 and the results are ahown in ¥ig.9.
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